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Bainite formation in steels begins with nucleation of bainitic ferrite at austenite grain boundaries (g/g
interfaces). This leads to creation of bainitic ferrite/austenite interfaces (a/g interfaces). Bainite formation
continues through autocatalysis with nucleation of bainitic ferrite at these newly created a/g interfaces.
The displacive theory of bainite formation suggests that the formation of bainitic ferrite is accompanied
by carbon enrichment of surrounding austenite. This carbon enrichment generally leads to carbide
precipitation unless such a reaction is thermodynamically or kinetically unfavourable. Each bainitic
ferrite nucleation event is governed by an activation energy. Depending upon the interface at which
nucleation occurs, a speciﬁc activation energy would be related to a speciﬁc nucleation mechanism. On
the basis of this concept, a model has been developed to understand the kinetics of bainite formation
during isothermal treatments. This model is derived under the assumptions of displacive mechanism of
bainite formation. The ﬁtting parameters used in this model are physical entities related to nucleation
and microstructural dimensions. The model is designed in such a way that the carbon redistribution
during bainite formation is accounted for, leading to prediction of transformation kinetics both with and
without of carbide precipitation during bainite formation. Furthermore, the model is validated using two
different sets of kinetic data published in the literature.
© 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bainite was discovered as an ‘acicular, dark-etching aggregate’
nearly eight decades ago [1,2]. Over the years, the research work
done in the ﬁeld of bainite is immense [3e7]. Bainite consists of
sheaves of bainitic ferrite separated by untransformed austenite,
martensite or cementite. Each bainitic sheaf is composed of a
cluster of sub-units which are connected in three dimensions [8].
Due to the complexity of its formation mechanism, even a quali-
tative theory to explain the bainite formation still remains a subject
of controversy [4,9,10]. One “school of thought” advocates a
diffusion-controlled transformation where bainitic growth occurs
by a diffusional ‘ledge’mechanismwhile the other suggests that the
bainite reaction is a displacive and diffusionless transformation [4].
Both “schools” have proposed different models to predict the
transformation kinetics based on their own assumptions of bainite
formation [11e16].Ravi), J.Sietsma@tudelft.nl
ntoﬁmia).
lsevier Ltd. This is an open accessBainite formation begins at austenite grain boundaries. This
bainite formation, at the initial stages of transformation, leads to an
increase in the number density of nucleation sites. Bainite forma-
tion continues autocatalytically at these newly created nucleation
sites. Santoﬁmia et al. [17] reviewed and evaluated several kinetic
models which are based on assumptions of displacive theory of
bainite formation. Since displacive theory for bainite formation
assumes that the rate of bainite formation is driven by the rate of
bainitic ferrite nucleation, most of the models are based on
nucleation kinetics. It is evident from the review in Ref. [17] that the
overall structure for determining the rate of bainite formation is
consistent among various models. Santoﬁmia et al. [17] commented
that the models mostly vary only in the manner in which the
nucleation rate is calculated. With the help of their review, some of
the major shortcomings of the existing models can be identiﬁed.
Most of the existing nucleation based models developed using
the displacive mechanism of bainite formation use several empir-
ical constants to account for the number density of grain-boundary
nucleation sites and the number density of autocatalytic nucleation
sites [17]. However, the physical signiﬁcance of the values obtained
for the empirical constants is still unclear [18]. Although some
models describe the autocatalytic nucleation using other means,article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
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the help of prior austenite grain size [19], they still use empirical
constants to calculate the grain-boundary nucleation kinetics.
Furthermore, in case of steels that are lean in silicon, these
existing models fail to properly calculate of the maximum volume
fraction of bainite formed during transformation [17]. According to
the displacive theory of bainite transformation, the formation of
bainitic ferrite from austenite is accompanied by a subsequent
partitioning of carbon into surrounding austenite matrix [8]. This
leads to a carbon enrichment of austenite during the course of the
transformation. Depending on the chemical composition of the
steel, the degree of carbon enrichment of austenite can vary. In
lean-silicon steels, the degree of carbon enrichment is negligible
due to the precipitation of carbides during bainite formation. Most
existing models do not account for this variable degree of enrich-
ment which sometimes results in an underestimation of the
maximum volume fraction bainite. Such an underestimation will
lead to an improper prediction of the bainite formation kinetics.
In order to tackle the problem of predicting the kinetics of
isothermal bainite formation in lean-silicon steels, Van Bohemen
and Sietsma [15] developed a kinetic model based on nucleation
kinetics. This model was developed using the concepts of displacive
theory of bainite andmartensite formation. Unlike previous models
where several empirical constants were used, Van Bohemen and
Sietsma used physical parameters to calculate the number density
of grain-boundary nucleation sites. Since this model does not
predict the incomplete reaction phenomenonwhich is exhibited by
high silicon steels, Van Bohemen and Hanlon [16] proposed a
modiﬁed version of the Van Bohemen and Sietsma model [15] for
this purpose.
However, both Van Bohemen and Sietsma model [15] and Van
Bohemen and Hanlon model [16] do not account for the condition
that diffusionless growth of bainite can occur only when the
transformation temperature is below a certain thermodynamic
limit as proposed by Ref. [20]. According to the displacive approach
of the bainite transformation, it has been suggested that the dis-
placive formation of bainite can proceed if and only if the following
conditions,
DGm <GN; where DGm ¼ Gam  Ggm (1)
DGg/a <  GSB; where DGg/a ¼ Ga  Gg (2)
are satisﬁed [20]. DGg/a represents the free energy change during
bainite formation. Ga and Gg give the ferrite free energy and
austenite free energy respectively, when both the composition of
ferrite and of austenite is equal to the composition of interest. DGm
is the maximum driving force for nucleation. It is the greatest
possible reduction in free energy that can be achieved during for-
mation of a ferrite nucleus such that the composition of sur-
rounding austenite matrix remains unaffected. It is calculated using
parallel tangent construction. Gam and G
g
m give the ferrite free en-
ergy and austenite free energy when this condition of maximum
free energy reduction is achieved. GN is the universal nucleation
function [3]. GSB is the stored energy of bainite which is usually
considered to be 400 J mol1 [20]. Eq. (1) indicates that a bainite
nucleus can develop only at temperatures where DGm is more
negative than GN. The temperature at which DGm ¼ GN is called the
Th temperature. Furthermore, a diffusionless growth of bainite can
occur only if Eq. (2) is satisﬁed. The maximum temperature below
which diffusionless growth of bainite can occur (DGg/a ¼ GSB) is
called the T 00 temperature [8]. Therefore, according to Eq. (1) and Eq.
(2), bainite formation can occur only when the isothermal trans-
formation temperature is below both Th and T 00 temperature.
Both Th and T 00 temperatures decrease with increasing carbonenrichment of austenite during the course of bainite formation.
Generally, it is observed that the T 00 temperature decreases at a
much faster rate with increasing carbon enrichment compared to
the Th temperature. When, during the transformation, either Th or
T 00 temperature becomes equal to the transformation temperature,
the bainite reaction will terminate and an incomplete reaction
phenomenon will be exhibited. The nucleation rate at this point is
equal to 0. Van Bohemen and Sietsmamodel and Van Bohemen and
Hanlon model only consider the dependence of the nucleation rate
on the Th temperature and not on the T 00 temperature. Its effects
would not be signiﬁcant in the prediction of bainite kinetics in lean
silicon steels due to negligible effective carbon enrichment of
austenite during transformation. However without such a depen-
dence, in case of high silicon steels, the nucleation rate at the end of
the transformation may not always reach 0. This implies that the
model predicts further bainite formation which is physically
unrealistic.
In this work, a uniﬁed model to predict the kinetics of
isothermal bainite formation regardless of the degree of carbon
enrichment of austenite is proposed. In an attempt to better treat
the autocatalytic nucleation, a physically based approach consid-
ering the difference in the activation energy for grain-boundary
nucleation and for autocatalytic nucleation is proposed here. The
model is derived under the assumptions given by the displacive
theory of bainite formation and draws inspiration from previously
proposed models [15,21]. The model ﬁtting parameters are used in
such a way that its physical signiﬁcance can be interpreted.
2. The model
2.1. Nucleation rate
Bainitic ferrite sub-units may nucleate either at austenite grain
boundaries (g/g interface) or at the interphase boundary of a pre-
viously nucleated sub-unit (a/g interface). The latter is interpreted
as autocatalytic bainite nucleation [8]. The total nucleation rate
during bainite formation from a fully austenitic phase, dN/dt, can be
given as
dN
dt
¼

dN
dt

G
þ

dN
dt

A
(3)
where (dN/dt)G is the nucleation rate per unit volume due to
nucleation at austenite grain boundaries and (dN/dt)A is the
nucleation rate per unit volume due to autocatalytic nucleation.
It is generally accepted that bainite nucleation is a thermally
activated process [3]. According to displacive theory of bainite
formation, two types of atomic processes may require thermal
activation [3,20,22,23]. Firstly, the mechanism of bainite nucleation
involves dissociation of certain dislocation defects which are
already present in the austenite phase. Secondly, in order to create
the necessary driving force for nucleation, carbon must partition
from the bainitic nucleus into the surrounding austenite matrix.
Both these processes require thermal activation. The nucleation
rate is usually expressed as an exponential function of the tem-
perature [17]. Using this approach, the nucleation rate due to grain-
boundary nucleation can be written as

dN
dt

G
¼ kT
h
NtGexp

 Q

G
kT

(4)
where k is the Boltzmann's constant, h is the Planck's constant, NtG
is the number density of potential grain-boundary nucleation sites
at given time t, QG is the activation energy for grain-boundary
nucleation and T is the isothermal transformation temperature.
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formation continues through autocatalytic bainite nucleation to
form the bainitic sheaves. Studies have been conducted to under-
stand the lengthening rate of bainitic sheaves [3,24,25]. These
studies indicate that the lengthening of bainitic sheaves is a time
dependent process. Furthermore, it was pointed out that the
growth of the bainitic sub-units is much faster than the growth of
the sheaves [26]. This suggests that the autocatalytic nucleation,
which is necessary for the growth of the sheaves, is also a time
dependent process and requires thermal activation.
The autocatalytic nucleation is accounted for in Refs. [15e17]
with the help of autocatalytic parameter. This parameter is analo-
gous to the autocatalytic factor used to describe the kinetics of
isothermal martensite transformation in Refs. [27,28]. In these pa-
pers, the autocatalytic parameter is treated as an empirical
dimensionless coefﬁcient [12,17]. However, since the autocatalytic
nucleation is a thermally activated nucleation event, its nucleation
rate may also be expressed similarly as Eq (4), by

dN
dt

A
¼ kT
h
NtAexp

 Q

A
kT

(5)
NtA is the number density of potential autocatalytic nucleation
sites at given time t and QA is the activation energy for autocatalytic
nucleation. QA will be different from Q

G due to difference in the
type of interface at which the nucleation takes place. QA can be
related to QG by
QA ¼ QG  DQ (6)
where DQ* is the difference in the activation energy for grain-
boundary nucleation and autocatalytic nucleation.
Such an interpretation for the autocatalytic nucleation rate
would form the physical basis for the autocatalytic parameter as
will be shown later in the paper.2.2. Potential nucleation sites
The nucleation rate in Eq. (4) and Eq. (5) is expressed with a
Boltzmann factor which gives the probability of successful nucle-
ation events. In order to estimate the number of successful nucle-
ation events, it is important to quantify, besides this probability, the
number of potential nucleation sites. Van Bohemen and Sietsma
[15] calculated the total number density of potential nucleation
sites initially present in austenite (before bainite formation begins)
using the principles of models for martensite formation. Magee's
work [28] on athermalmartensite nucleation suggests that the total
number of martensitic plates per unit volume, Nm, that form during
martensite formation at a particular temperature can be expressed
as
Nm ¼ m
V
ðMs  TÞ (7)
where V is the average volume of a martensitic plate and Ms is the
martensite start temperature. The number of nucleation events
would be equal to the number of martensitic plates that form.
Therefore, m is the proportionality constant between number of
martensite nucleation sites and the degree of undercooling. It can
be postulated that at a given undercooling below a critical tem-
perature, the number of potential martensitic type nucleation
events can be expressed using an equation similar to Eq. (7). With
this assumption, the number of potential nucleation sites for grain-
boundary nucleation during bainite formation can be given byNtG ¼
bG
Vb
ðTh  TÞ (8)
where bG is a parameter for grain-boundary nucleation during
bainite formation and Vb is the volume of a bainitic ferrite sub-unit.
bG parameter acts as a proportionality constant between the
number of nucleation sites and the degree of undercooling with
respect to Th temperature. This parameter is analogous to the ﬁtting
parameter, a, in the Koistinen and Marburger equation [29] as well
as to the parameter, m, suggested in the work of Magee [28].
It must be noted that Eq. (8) gives the density of potential
nucleation sites while the Eq. (7) gives the number density of
nucleation events. This is because the bainite nucleation requires a
thermal activation, similar to isothermal martensite nucleation
[20,21], while athermal martensite formation does not need a
thermal activation for nucleation. Therefore, the number density of
nucleation events would be equal to the number density of
nucleation sites during athermal martensite formation since the
probability of successful nucleation given by the Boltzmann factor
is equal to 1. However, during bainite formation, the number den-
sity of nucleation events would be much lower than the number
density of potential nucleation sites. Eq. (8) gives maximum num-
ber density of possible bainite nucleation events. It is assumed that
this maximum number density of possible nucleation events is
numerically equal to the number density of potential nucleation
sites. Eq. (8) in combination with Eq. (4) gives the actual number
density of successful grain-boundary nucleation events during
bainite formation.
Van Bohemen and Sietsma [15] pointed out that one of the key
differences between martensite nucleation and bainite nucleation
is that the density of pre-existing defects for martensite nucleation
is independent of the prior austenizationwhile the number density
of g/g interfaces play an important role in bainite nucleation.
Therefore, with the help of Van Bohemen and Sietsma [15]
approach, bG parameter can be given in relation to m if the effect
of g/g interfaces is included. The density of available g/g interfaces
depends on the fraction of remaining available austenite and the
grain size of austenite. Thus, bG parameter can be written as
bG ¼
Zd
d
mfg (9)
where Z is a geometrical factor, d is the effective thickness of an
austenite boundary, d is the prior austenite grain size and fg is the
volume fraction of remaining available austenite.
The factor Zd/d accounts for the austenite grain boundary area
per unit volume. For spherical austenite grains, Zwould to be equal
to 6. Van Bohemen and Sietsma proposed that d is the effective
thickness of the austenite grain boundary. The effective thickness of
an austenite grain boundary is deﬁned here as the atomic layers of a
grain in the grain boundary region which can be involved in grain-
boundary nucleation. It is assumed only a few of outermost atomic
layers in a grain participate in the nucleation process and therefore
d is considered to be equal to 1 nm, equivalent to 2 atomic layers in
each grain.
The remaining available austenite, fg, is deﬁned in this work as
the fraction of austenite still remaining in which bainite formation
can occur. This may not be equal to the total fraction of remaining
austenite due to the “incomplete reaction phenomenon” exhibited
during bainite formation [4]. Further description of fg is given in
Section 2.4.
With the help of Eq. (8) and Eq. (9), NtG as a function of volume
fraction of bainite, f, may be schematically represented according to
Fig. 1.
f 10
Nt
NtG
NtA
Fig. 1. Schematic representation of potential nucleation sites as function of volume
fraction of bainite.
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derived similarly. Equivalent to Eq. (8), it is written as
NtA ¼
bA
Vb
ðTh  TÞ (10)
where bA is a parameter for autocatalytic nucleation during bainite
formation.
The bA parameter is different compared to bG parameter since
the density of potential autocatalytic nucleation sites depends on
the density of available a/g interfaces. The density of available a/g
interfaces depends on both the fraction of bainite formed and the
fraction of remaining available austenite. Assuming that the
nucleation events are random, the number density of potential
autocatalytic nucleation sites would be proportional to the surface
area of the a/g interface (Fig. 1).
The density of available a/g interfaces also depends on the
density of g/g interfaces since grain-boundary nucleation is a pre-
cursor for autocatalytic nucleation. If the austenite grain size is
small, there are more grain-boundary nucleation events due to
increased number density of g/g interfaces. Grain-boundary
nucleation events lead to the creation of a/g interfaces and there-
fore the kinetics of grain-boundary nucleation events inﬂuences
the rate at which a/g interfaces form. Assuming that the volume of
bainitic ferrite sub-units is constant during bainite formation at a
constant temperature, greater number of grain-boundary nucle-
ation events leads to higher density of a/g interfaces within a given
time. Thus, bA parameter also depends on the number density of g/
g interfaces (Zd/d) and it can be written as a function of m by
bA ¼
Zd
d
mfgf (11)
where f is the volume fraction of bainite formed.
The potential number density of nucleation sites is also affected
by the size of the bainitic sub-units. As the size of the sub-units
decreases, the density of potential nucleation sites increases.
Additionally, the size of the sub-units also affect the remaining
available austenite in which subsequent nucleation can take place.
Such size effects are incorporated into the model in two ways.
Firstly, the number density of potential grain-boundary and auto-
catalytic nucleation sites are calculated per unit volume of bainite
formed (Eq. (8) and Eq. (10)). Most of the existing kinetic models for
bainite formation developed using the displacive mechanism of
bainite formation use a ﬁtting parameter to deﬁne the number
density of potential nucleation sites [17]. Van Bohemen et al. argue
that this could lead to an imprecise treatment of the potentialnucleation sites [15]. Considering the number density of potential
nucleation sites as a function of the volume of the bainitic sub-unit
is a more physically rigorous approach. Furthermore, it reduces the
number of ﬁtting parameters required for the model as shown in
Ref. [15]. Secondly, the number density of potential grain-boundary
and autocatalytic nucleation sites are calculated as a function of
volume fraction of bainite formed, f. Since the volume fraction of
bainite formed due to each nucleation event depends on the size of
the bainitic sub-unit, such a formulation automatically includes the
size effects bainitic sub-units on the remaining available austenite.
It should be observed that as the equations for number of po-
tential nucleation sites already track the changes in the density of
available interfaces, the extended volume concept of the JMAK
formulation is not used in this work. A similar approach has been
used in earlier models [12,15].
2.3. Carbon enrichment
Carbon enrichment of austenite during isothermal formation of
bainite heavily inﬂuences its kinetics as well as the eventual frac-
tion of bainite which forms during transformation. Generally, car-
bon enrichment of austenite leads to precipitation of carbides
which implies that the effective carbon enrichment of austenite is
negligible [15]. However, in steels with high silicon or aluminium
content, the carbide precipitation is kinetically suppressed, leading
to signiﬁcant carbon enrichment of austenite during trans-
formation [30]. The transformation becomes slower as it pro-
gresses, since the effective activation energy increases and the
effective undercooling thus decreases. In order to account for the
effect of carbon enrichment, the following assumptions are made.
1. Mass balance of carbon exists. Therefore, the carbon content in
austenite, Xg, can be expressed as a function of fraction of bainite
formed, the carbon content in bainite Xb and bulk carbon con-
tent X, according to
Xg ¼

X  fXb

ð1 f Þ : (12)2. Th decreases linearly with the increase of carbon concentration
in austenite during transformation. With the use of Eq. (12), Th
can be expressed as
Th ¼ ThX  C1
f

X  Xb

ð1 f Þ : (13)
ThX is the Th temperature at the beginning of the transformation
(f ¼ 0, Xg ¼ X) and C1 is a proportionality constant relating Th and
carbon content.
3. It is assumed that the carbon-enrichment dependent factors
affect the grain-boundary nucleation and autocatalytic nucle-
ation equally during bainite formation. Therefore,DQ* (Eq. (6)) is
constant during transformation.
Xb accounts for all the carbon which does not participate in the
carbon enrichment of austenite. This implies that Xb accounts for
the carbon in bainitic ferrite, in any carbides present as well as any
carbon that has been lost to “carbon trapping”. Depending on the
degree of carbon redistribution and carbide formation, the value of
Xb can vary between 0 and X. Equations similar to Eq. (12) have
been used in earlier studies to account for carbon concentration in
austenite as a function of volume fraction. According to Bhadeshia
and Edmonds [31], the variation of carbon content of austenite may
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Xg ¼ X þ f

X  S
ð1 f Þ (14)
where S is the fraction of carbon trapped in bainite either in solid
solution (S ¼ 0.03 wt-%) or in the form of carbides (ﬁxed S
depending on heat treatment). The term S is equivalent to the term
Xb that is used in the current model. Since in a generalised model it
is difﬁcult to predict the degree of carbon enrichment or carbide
precipitation, an unknown value Xb is used rather than a priori
chosen value S.
Under the assumption of a displacive mechanism for bainite
formation, the nucleation in bainitic ferrite is considered to occur
by spontaneous dissociation of dislocations with an activation en-
ergy inversely proportional to the magnitude of driving force [17].
Thus, the activation energy can be expressed as a function of the
driving force which in turn is a function of undercooling [32]. This
yields
QG ¼ QGX þ KGC1
f

X  Xb

ð1 f Þ (15)
where Q
GX
is the activation energy for grain-boundary nucleation
at the start of the transformation (f¼ 0; Xg¼ X) and KG parameter is
the proportionality constant relating activation energy for bainite
nucleation and temperature. KG parameter is also affected by car-
bon enrichment of austenite. However, calculations indicated that
these effects do not signiﬁcantly alter the ﬁnal results. Therefore,
they are neglected during further calculations.2.4. Remaining available austenite
As seen in Eq. (9) and Eq. (11), the fraction of remaining available
austenite, fg, is important to estimate the density of potential
nucleation sites. fg is a fraction of the total untransformed austenite
in which bainite formation can proceed. Due to carbon enrichment
of austenite during the course of transformation, some fraction of
austenite may not participate in the bainite reaction. This unavai-
lable fraction of austenite would not contain any potential nucle-
ation sites which will lead to new nucleation events and this
fraction needs to be subtracted while calculating the overall
nucleation rate. In this work, the unavailable austenite, ðfgÞu, is
deﬁned as the fraction of austenite in which bainite formation
cannot occur due to its stabilization by means of carbon
enrichment.
Using the principles of incomplete reaction phenomenon, the T 00
curve can be used to estimate the total fraction of unavailablewt% C
Temp
Xb XγEndXγ
T
•
••
T0
T0 = T
21 3
1 = Ferrite phase boundary
2 =T 0 curve
3 =α/γ phase boundary
’
’
’
Fig. 2. Schematic diagram representing lever rule for calculation using T 00 curve.austenite at a particular transformation temperature with the help
of the lever rule [3] (Fig. 2). The T 00 temperature decreases with
increasing carbon content in austenite, as does the Th temperature.
The decrease of T 00 temperature can be expressed similar to Eq. (13)
as
T 00 ¼ T 00X  C2
f

X  Xb

ð1 f Þ (16)
where T 0
0X
is the T 00 temperature at the beginning of the trans-
formation (f ¼ 0, Xg ¼ X) and C2 is a proportionality constant
relating T 00 and carbon content.
With the help of Fig. 2, it can be noticed that during trans-
formation, the carbon enrichment leads to decrease in T 00 temper-
ature which increases the fraction of unavailable austenite. When is
equal to the isothermal transformation temperature, all the
remaining austenite would stay untransformed. The fraction of
unavailable austenite, ðfgÞu, at a given point during transformation
can be expressed as a function of remaining austenite fraction and
the changes in T 00 temperature due to carbon enrichment, by

fg

u
¼ ð1 f Þ
 
T 0
0X
 T 00
T 0
0X
 T
!
(17)
The remaining available fraction of austenite, fg, at a given point
during transformation can be expressed as
fg ¼ 1 f 

fg

u
(18)
With the help of Eq. (17) and Eq. (18), fg can be given as
fg ¼ ð1 f Þ
 
T 00  T
T 0
0X
 T
!
(19)2.5. Kinetic equation of the model
With the help of Eqs. (3)e(19), the framework of the proposed
kinetic model is given here. The overall nucleation rate can be given
as
dN
dt
¼ ð1 f Þ
 
T 00  T
T 0
0X
 T
!
1þ exp

DQ
kT

f
	
k (20)
where k is
k ¼ kT
h
Zd
d
m
Vb
ðTh  TÞexp

 Q

G
kT

(21)
Th, QG and T
0
0 can be tracked using Eq. (13), Eq. (15) and Eq. (16)
respectively.
Xb, QGX and DQ
* are the ﬁtting parameters in this model. As
discussed earlier, Xb is always in the range of 0 to X. Literature re-
view suggests that Q
GX
is generally in the range of 150e200 kJ/mol
[15]. Since all the ﬁtting parameters used in this model can be
related to a physical entity, their values can be evaluated for their
physical signiﬁcance (see Section 3.2.1 and Section 3.2.2).
The constants ThX , T0X
0 , C1 and C2 are calculated using Thermo-
Calc. KG andm are calculated using empirical methods proposed by
Van Bohemen [32] and [33] respectively.
With the help of Eq. (20), the rate of bainite formation can be
calculated using
Table 2
Values for the constants used.
Steel A Steel B
ThX 876 K 872 K
C1 2629 K/at.fr 2926 K/at.fr
T0X 784 K 822 K
C2 7196.8 K/at.fr 7353.9 K/at.fr
KG 163.6 J/mol K 138.6 J/mol K
m 0.016/K 0.019/K
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Fig. 3. Experimental [11] (markers) and calculated kinetics (solid lines) of Steel A.
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Fig. 4. Experimental [16] (markers) and calculated kinetics (solid lines) of Steel B.
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dt
¼ dN
dt
Vb (22)
Eq. (20) is very similar to the expression of nucleation rate
proposed in the early works such as [12,21,22]. However, one of the
major differences is that almost all the empirical constants have
been replaced with physical parameters, especially the autocata-
lytic parameter. Earlier models of bainite kinetics based on dis-
placive theory account for autocatalytic nucleation using the factor
(1 þ bf) where b is the autocatalytic parameter. Comparing this
with Eq. (20), it can be seen that
b ¼ exp

DQ
kT

(23)
With the use of DQ*, the acceleration of bainite kinetics due to
autocatalysis can be interpreted in terms of difference in activation
energy for grain-boundary nucleation and autocatalytic nucleation.
The carbon-enrichment dependent parameters have also been
treated in such a way that bainite kinetics regardless of the
chemical composition of the steel can be estimated.
3. Results and discussion
3.1. Comparison with experimental data
The proposed model was tested in a comparison with experi-
mental data published in the literature. One of the main objectives
of this work was to develop a uniﬁed model to predict isothermal
transformation kinetics regardless of the degree of carbon enrich-
ment of austenite. Therefore, kinetic data obtained from a high
silicon as well as a low silicon steel were used to test the model. The
chemical composition of the steels are given in Table 1.
The values for the various constants used to test the model are
given in Table 2. They were obtained using Thermo-Calc as well as
different empirical equations, as mentioned in Section 2.5. The
prior austenite grain size in case of Steel A was 140 mm [11] while
the prior austenite grain size in case of Steel B was 22 mm [16].
The experimental as well as calculated kinetics of Steel A are
given in Fig. 3. The experimental kinetic data of Steel A was ob-
tained from Ref. [11]. Fig. 4 gives the experimental and calculated
kinetics of Steel B. The experimental kinetic data of Steel B was
obtained from Ref. [16].
Figs. 3 and 4 shows that the model correlates well with the
experimentally obtained kinetics regardless of the chemical
composition of the steel.
3.2. Model ﬁtting parameters
3.2.1. Carbon content in bainite
Carbon content in bainite, Xb, is an extremely important
parameter. Xb gives a measure of the carbon redistribution during
the course of the bainite formation. It inﬂuences the transformation
signiﬁcantly by affecting the values of Th temperature (Eq. (13)), T 00
temperature (Eq. (16)), activation energy (Eq. (15)), maximum
volume fraction of bainite obtainable and the degree of the carbide
precipitation.
From Eqs. (13), (15) and (16), it can be seen that the inﬂuence ofTable 1
Chemical compositions of steels used for study (values in wt%).
Steel C Mn Si Cr Al Reference
Steel A 0.53 0.69 e 0.28 0.03 [11]
Steel B 0.3 2.4 1.8 e e [16]Xb always depends on the volume fraction of bainite, f. As f in-
creases, the inﬂuence of Xb also increases. This implies that Xb plays
a greater role during the bainite formation than at the start of the
transformation.
As discussed earlier, based on the degree of carbon redistribu-
tion, the value of Xbwould lie in a speciﬁc range. Although an exact
deﬁnition for bainite is still being debated, bainite can be viewed as
an aggregate of bainitic ferrite and carbides [9]. Therefore, Xb re-
ﬂects both the carbon in bainitic ferrite and the carbon in the car-
bides. If carbon is completely partitioned from bainitic ferrite into
austenite during transformation, then Xb would be equal to 0.
However, the value of Xb would never reach zero due to the solid
solubility of carbon in bainitic ferrite. As the degree of carbide
Table 4
Xb values obtained for Steel B (X (in at. fr) ¼ 0.0135).
T (in K) Xb (in at. fr)
643 0.0095
663 0.0084
693 0.0083
723 0.0075
753 0.0052
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Fig. 5. Carbon concentration in austenite at the end of the transformation in Steel B.
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A.M. Ravi et al. / Acta Materialia 105 (2016) 155e164 161precipitation increases, the value of Xb also increases. The
maximum value for Xb would be X. When Xb ¼ X, Xg would also be
equal to X. Using lever rule (Fig. 2), it can be noticed that 100%
bainite formation would occur in this case.
Due to the importance of Xb, the ﬁt values obtained for Xb must
be validated properly. The carbide precipitation in Steel A is not
suppressed because of the absence of silicon. This results in negli-
gible carbon enrichment of austenite and, as the experimental data
suggests, the transformation continues until all the austenite is
transformed. Based on the experimental data, the model yields that
Xb is equal to the bulk carbon content of the steel at all tempera-
tures (Table 3).
According to the displacive nature of bainite formation, an
isothermal bainite reaction can proceed if and only if the Th and T 00
temperatures are greater than the isothermal transformation
temperature [20]. Eq. (13) indicates that, since Xb is equal to the
bulk carbon content of the steel, the Th temperature does not
decrease during the course of the transformation. Similarly, T 00 also
does not decrease which is accounted for using Eq. (16). Thus, Th
and T 00 temperatures are always greater than the isothermal
transformation temperature and the bainite reaction terminates
only when the austenite is consumed entirely.
Since Xb also accounts for the carbon in carbides, the value of Xb
can be used as an indicator for the degree of carbide precipitation. A
high Xb value suggests that the driving force for carbide precipita-
tion during bainite formation is high. In case of Steel A, this is
kinetically achievable in the absence of silicon.
Unlike Steel A, Steel B is a high silicon steel and exhibits
incomplete reaction phenomenon due to the suppression of car-
bide precipitation. As expected, the model indicates that the Xb
value is much lower than the bulk carbon concentration of the
steel. The Xb values obtained for different isothermal trans-
formations are given in Table 4. From Table 4, it can be observed
that the Xb value increases with decreasing isothermal trans-
formation temperature. Similar trend is reported in Van Bohemen
and Hanlon [16]. Such a trend is due to the increase in the driving
force for carbide precipitation as temperature decreases, as indi-
cated by the phase diagram as well. This suggests that the effect of
silicon on carbide suppression decreases with decreasing trans-
formation temperature. Therefore, Xb can be used as a guideline to
measure the effectiveness of silicon to precipitation of carbides.
Fig. 5 gives the comparison between experimentally obtained
values and calculated values for carbon content in austenite at the
end of the transformation. Fig. 5 shows that themodelled values for
carbon concentration in austenite at the end of the transformation
increase with decreasing isothermal temperature. Furthermore, it
can be observed that the modelled values for carbon concentration
in austenite at the end of the transformation is mostly lower than
the experimentally observed values [16]. The experimentally
observed values were obtained using XRD technique [16] which
estimated the carbon content in retained austenite. Since Steel B
exhibits incomplete reaction phenomenon, the untransformed
austenite at the end of the bainite reaction may further transform
into martensite while cooling to room temperature. This is also
reported in Ref. [16]. This results in further enrichment of austenite.Table 3
Xb values obtained for Steel A (X (in at. fr) ¼ 0.0241).
T (in K) Xb (in at. fr)
648 0.0240
673 0.0241
698 0.0241
723 0.0240
773 0.0241The values calculated by the model give the carbon concentration
in austenite before the martensite transformation and thus can be
expected to be lower than the experimentally observed values.
The obtained Xb values indicate that the Th and T 00 temperatures
decrease during the course of transformation. The model suggests
that the bainite reaction stops when the T 00 temperature reaches the
isothermal transformation temperature.3.2.2. Initial grain boundary activation energy and difference in
activation energy
As discussed in Section 2.5, the activation energy for grain-
boundary nucleation at the start of the transformation (f ¼ 0,
Xg ¼ X), QGX , as well as the difference in activation energy for grain-100 130 160 190 220 250
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1.6
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A
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a
Fig. 6. Activation energy for grain-boundary nucleation at the start of transformation
(Q
GX
) as a function of undercooling.
A.M. Ravi et al. / Acta Materialia 105 (2016) 155e164162boundary nucleation and autocatalytic nucleation, DQ*, are used as
ﬁtting parameters in the model.
In Fig. 6, Q
GX
, which was extracted from the ﬁts, is plotted as a
function of undercooling. Similarly, the activation energy for
autocatalytic nucleation at the start of the transformation (f ¼ 0,
Xg ¼ X), QAX , (using Eq. (6)) is plotted as a function of undercooling
in Fig. 7. In both instances, the undercooling is with respect to the Th
temperature. It can be seen that for Steel A and Steel B, both acti-
vation energies decrease linearly with undercooling. Similar trend
was reported by Van Bohemen and Sietsma [15]. However, they did
not distinguish between the activation energy for grain boundary
and autocatalytic nucleation and considered an equal activation
energy for both types of nucleation.
The linear trend observed for activation energy vs. undercooling
plots in Figs. 6 and 7 suggests that thermally activated migration of
partial dislocations plays an important role in bainite nucleation
[17,32]. This phenomenon is irrespective of the interface at which
the nucleation takes places. Therefore, both the activation energy
for grain-boundary nucleation and the activation energy for auto-
catalytic nucleationwill decrease linearly. This is observed from the
ﬁt values obtained. This generates good conﬁdence in the trends
obtained for the ﬁt parameters as well as in the model itself.
Although the concept of direct proportionality of activation
energy is used in the model to account for the changes in the
activation energy during the transformation due to carbon
enrichment of austenite (Eq. (15)), it does not affect the ﬁt values
obtained. The ﬁt values only represent the activation energies at the
start of the transformation (f ¼ 0, Xg ¼ X) and are not affected by
the carbon-enrichment dependent constraints imposed by the
model.
Such a dislocation motion assisted nucleation mechanism was
proposed in the 1970s to explain themartensitic nucleation process
[34,35]. According to this mechanism, a nucleus is formed by a
faulting process derived from already existing dislocations [34e36].
The fault energy associated with the formation of a BCC nucleus in a
FCC matrix depends on the change in chemical free energy due to
the nucleation process, the strain energy required to accommodate
the nucleus within the matrix and the nucleus/matrix interfacial
energy [36]. The activation energy for the formation of the nucleus
arises from the resistance to dislocation motion. Olson and Cohen
[36] suggested that the activation energy is dependent on the fault
energy. A decrease in the fault energy would result in a decrease in
activation energy. Literature indicates that the above100 130 160 190 220 250
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Fig. 7. Activation energy for autocatalytic nucleation at the start of transformation
(Q
AX
) as a function of undercooling.considerations can be extrapolated to bainite nucleation [3,14,15].
As undercooling increases, the magnitude of chemical free change
during nucleation also increases which leads to a decrease in the
fault energy (and consequently, activation energy).
Literature also suggests that during bainite nucleation, carbon
will partition from the BCC nucleus into FCCmatrix [3,22,20]. Along
with undercooling, this carbon partitioning during nucleation also
leads to increase in the chemical free change. Therefore, it can be
argued that carbon partitioning also leads to decrease in the overall
activation energy. However, if both dislocation motion and carbon
partitioning occur during nucleation, the total activation energy for
nucleation may be the sum of the individual activation energies
required for both processes.
The numerical values for activation energy obtained in Figs. 6
and 7 were compared with already published results. The re-
ported values for overall activation energy for bainite formation lie
in the range of 40e200 kJ/mol [15,37]. The activation energy values
obtained in the current work (130e175 kJ/mol) correlates well with
these reported values.
Furthermore, the activation energy values for nucleation ob-
tained in the current work was also compared with reported acti-
vation energy values for various atomic processes [37]. The self-
diffusion activation energy of Fe in a-Fe and in g-Fe is around
250 kJ/mol and 285 kJ/mol respectively [37]. These values are much
higher than the activation energy values obtained in the current
work. However, the diffusion activation energy of carbon in g-Fe is
about 130 kJ/mol [37]. Comparing this value to the activation en-
ergy obtained in the current work, it can be suggested carbon
diffusion in austenite plays a part in bainite nucleation. This cor-
relates well with the above described theory of carbon partitioning
during bainite nucleation. Also, assuming that the total activation
energy for nucleation is the sum of activation energy for carbon
partitioning and dislocation migration, the maximum expected
activation energy contribution of the latter should be around
30e40 kJ/mol.
Researchers have also studied the activation energy required for
dislocation movement assisted nucleation in isothermal martensite
formation [38]. These studies suggest that a temperature depen-
dent activation energy value of 29e145 kJ/mol can be expected for
themigration of dislocations [38]. This range numerically compares
well with the expected maximum activation energy of 30e40 kJ/
mol obtained in the current work. However, it must be noted that
isothermal martensite formation occurs under conditions which
are vastly different from bainite formation. Therefore, numerical
comparison of activation energy values must be done with caution.
But, as explained above, the linearly decreasing trend observed for
activation energy with undercooling is a compelling factor to
consider thermally activated migration of partial dislocations as a
mechanism for bainite nucleation.
Figs. 6 and 7 suggest that Q
AX
is lower than Q
GX
. DQ* for Steel A
was calculated to be in the range of 22e26 kJ/mol while DQ* for
Steel B was estimated to be in the range of 15e20 kJ/mol.
This difference in activation energies can be attributed to the
difference in resistance offered to dislocation motion in case of
grain-boundary and autocatalytic nucleation as the interface at
which respective nucleation events occur are different. Assuming
that the shape of the nucleus formed during both grain-boundary
nucleation and autocatalytic nucleation is the same, the strain en-
ergy contribution to the fault energy would the same in both cases.
Also, since the degree of carbon enrichment at the start of the
transformation (f ¼ 0, Xg ¼ X) is zero, the chemical free energy
contribution is equal for grain-boundary and autocatalytic nucle-
ation processes. However, the interfacial energy contribution is
inﬂuenced by the matrix which surrounds the nucleus. In case of
grain-boundary nucleation at a g/g interface, the entire matrix
A.M. Ravi et al. / Acta Materialia 105 (2016) 155e164 163which surrounds the nucleus is FCC, which results in the creation of
a/g interfaces between the nucleus and the matrix. However, in
case of autocatalytic nucleation at an a/g interface, both BCC
(already formed bainitic ferrite sub-unit) and FCC (untransformed
austenite surrounding the bainitic ferrite sub-unit) phases form the
matrix in which the nucleus evolves. Nucleation then leads to the
creation of both a/g interfaces and a/a interfaces. Therefore, it can
be established that, due to effects of interfacial energy contribu-
tions, the fault energy of the nucleus formed at a g/g interface can
be expected to be different compared to that of a nucleus formed at
an a/g interface; and consequently the activation energy will also
be different. Furthermore, the lower activation energy for auto-
catalytic nucleation may be due to the formation of low-energy
interfaces during autocatalytic nucleation. Martensite nucleation
theory suggests that the a/g interfaces formed during nucleation
are semi-coherent [35]. If the a/a interfaces which form during
autocatalytic nucleation are more coherent than the a/g interfaces,
their contribution to the interfacial energy would be lower [39].
However, the role of ‘prior’ interfaces (like g/g interfaces) must also
be taken into account while calculating the net interfacial energy.
This depends on the size and the orientation of the forming
nucleus.
Comparing Figs. 6 and 7, it can be noticed that the activation
energy values for both mechanisms obtained for Steel A are lower
than the values obtained for Steel B. This shows that the activation
energy is dependent on the chemical composition of the steel.
Literature suggests that the activation energy depends on both
composition-dependent and composition-independent factors
[32,36]. Van Bohemen [32] derived an empirical relationship to
calculate the inﬂuence of steel composition on the activation en-
ergy. It is given as
Qb ¼ 89xC þ 10xMn þ 12xSi þ 2xCr þ 1xNi þ 29xMo (24)
where xi is concentration of element i in weight percent and Qb is a
part of the overall activation energy in kJ/mol.
Using Eq. (24), the difference between the Qb values for Steel A
and Steel B is calculated to be around 18 kJ/mol. This is comparable
with the activation energy values obtained from the model (Figs. 6
and 7). This indicates that the presence of manganese and silicon in
steel would make the transformation slower. This can also be seen
by comparing the time scales for transformation in Figs. 6 and 7.
The slopes of Figs. 6 and 7 give the KG parameter. KG parameter
gives relationship between activation energy and temperature. As
discussed in Section 2.5, this parameter is used in the model to
track the changes in activation energy due to carbon enrichment.
The KG parameter is a material parameter and depends on the
chemical composition of the steel and its chemical free energy
energy contribution per Kelvin [32]. Assuming that the chemical
free energy contribution is same for both mechanisms, KG param-
eter is considered to be equal for both grain-boundary nucleation
and autocatalytic nucleation. An empirical method proposed by
Van Bohemen [32] is used to calculate its value. An estimated error
of 9 J/mol K is associated with this empirical value. The calculated
values are compared with the slopes from Figs. 6 and 7 in Table 5.
The ﬁt values from Table 5 indicate that the KG parameter forTable 5
Comparison of KG parameter (Values in J/mol K).
Nucleation mechanism
Steel Empirical value Grain-boundary Autocatalytic
Steel A 164 93 85
Steel B 139 137s 102grain-boundary nucleation is not equal to KG parameter for auto-
catalytic nucleation. Furthermore, the values obtained from the ﬁt
do not correspond well with values calculated empirically. There-
fore, further investigation into the KG parameter needs to be carried
out.
An initial analysis into the physical signiﬁcance of the KG
parameter is discussed in Ref. [32]. According to [32], using the
work published by Olson and Cohen on dislocation movement
assisted nucleation [36], KG can be given as
KG ¼ rv=bDT (25)
where r is density of atoms in a close packed place per unit area, b is
the Burgers vector associated with the existing dislocation and DT is
the proportionality constant relating driving force and under-
cooling. v* is called the activation volume and it is deﬁned as rate of
change of activation energy with respect to the applied stress [36].
In the context of dislocation movement assisted nucleation, the
applied stress comes from the available driving force for nucleation
[3]. This suggests that the KG parameter is proportional to the
activation volume, v*. The difference in KG values for grain-
boundary nucleation and autocatalytic nucleation may be attrib-
uted to the difference in activation volume for the two nucleation
processes. A deeper understanding regarding the role of activation
volume in individual nucleation processes is necessary.
However, despite the variations in the values for KG parameter,
they do not signiﬁcantly affect the trends obtained from the model.
Also, the KG parameter is used in the model only to account for the
variation in activation energy with composition. It does not affect
the activation energy at the start of the transformation, which is a
ﬁtting parameter. The ﬁtting parameters are independent of the
constraints imposed to account for variations in activation energy
due to carbon enrichment of austenite during the transformation.
4. Conclusions
A model is proposed for the prediction of isothermal bainite
formation kinetics distinguishing the activation energy for grain-
boundary nucleation and for autocatalytic nucleation. The model
uses three ﬁt parameters, namely carbon concentration in bainite,
the activation energy for grain-boundary nucleation at the start of
the transformation and the difference in activation energies for
grain-boundary nucleation and autocatalytic nucleation. Further-
more, the model accounts for the variation in carbon content of
austenite during the transformation. The model was tested for two
different steels with different chemical compositions.
Based on the results of the tests, the traditional autocatalytic
parameter may be expressed as a difference in activation energies
related to the site of bainitic nucleation events. This essentially
suggests that the autocatalytic parameter is a measure which in-
dicates how much easier the autocatalytic nucleation is compared
to the grain-boundary nucleation. This measure can be well rep-
resented by assuming that the activation energy for nucleation at
an austenite grain boundary is much higher compared to the acti-
vation energy for nucleation at the surface of a previously nucle-
ated bainitic sub-unit. From above discussions, it is clear that the
bainite kinetics can be well predicted and interpreted with the help
of this approach.
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